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Abstract : The growt h characte ristics during metalorganic chemical vap or dep osition and op tical p rop erties of ZnO

films on sapp hire (Al2 O3 ) (0001) and (1120) subst rates are studied. For t he f ormer , t he eff ects of two imp ortant

growt h p arameters ,i . e . temperature and p ressure , a re investigated in detail . Due t o t he la rge lat tice mismatch be2
tween t he f ilm and t he subst rate , ZnO nanocrystals are usually obtained. The growt h behavior at t he f ilm2subst rate

inte rf ace is f ound t o be st rongly dependent on t he growt h temperature , w hile t he growt h p ressure determines t he

shape of t he nanost ructures as t hey grow . It is diff icult t o obtain ZnO films t hat have good quality and a smoot h

surf ace simultaneously. Due t o t he smalle r lat tice mismatch , t he critical t hickness of ZnO on t he Al2 O3 (1120) sur2
f ace is f ound t o be much larger t han t hat on t he Al2 O3 (0001) surf ace . ZnO/ Mg ZnO quant um wells wit h graded

well t hicknesses are grown on t he Al2 O3 (1120) surf aces , and t heir op tical p rop erties are studied. The built2in elec2
t ric f ield in t he well layer , generated by t he piezoelect ric eff ect , is estimated t o be 3 ×105 V/ cm. It is f ound t hat

growt h at low temperatures and low p ressures may f acilit ate t he incorp oration of accep t or imp urities in ZnO .
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1 　Introduction

Zinc oxide (ZnO) has a wurtzite crystal st ruc2
t ure ,a large exciton binding energy (60meV ,) and
a large band gap at room temperature (3137eV) .
The research on ZnO is ret roactive to 1935 when
Bunn reported it s lat tice p roperties[1 ] . A compre2
hensive review of ZnO ,in which t he research histo2
ry of ZnO was summarized in detail , has recently
been given by Βzgür et al . [2 ] . Alt hough ZnO has
been st udied for a long time in the semiconductor
field ,it gained substantial interest s recently since
t he discovery of exciton2involved lasing action at
room temperat ure[3 ] . The band gap of ZnO at room
temperat ure is similar to that of GaN (3139eV ) ,
indicating it s p romising application as a semicon2
ductor light2emit ting material in t he ult ra2violet re2
gion. To achieve bet ter2crystalline ZnO for facilita2
ting t he formation of stable excitons at room tem2
perat ure ,t he growt h techniques commonly used in
t he semiconductor indust ry are adopted. These in2
clude RF magnet ron sp ut tering[4 ] , molecular beam

epitaxy (MB E) [5 ] ,metalorganic chemical vapor dep2
osition ( MOCVD) [6 ] , and p ulsed laser deposition
( PLD ) [3 ] . ZnO quantum well ( Q W) st ruct ures ,
which are essential for high2performanced light2
emit ting devices , have also been fabricated[7～10 ] .
The remaining difficulty in t he realization of p2type
doping seems to be overcome due to t he realization
of homogeneous ZnO p n junctions and t he light e2
mission under t he injection of elect ric current [11 ,12 ] .
However ,compared wit h ot her kinds of semicon2
ductors , including GaN , st udies on ZnO2related
films and Q Ws are still not sufficient ,especially in
t he aspect s of t he growt h behavior ,optical p roper2
ties , rep roducibility , and high2concent ration p2type
doping.

In t his paper , we report t he effect s of t he
growt h temperat ure and pressure on t he crystalline
and optical p roperties of ZnO films grown on sap2
p hire (Al2 O3 ) (0001) and (1120) surfaces. For t he
former ,it is found that a higher growt h tempera2
t ure leads to a bet ter film quality but a rough sur2
face ,while a lower growth temperat ure leads to t he
opposite result s. In addition , at relatively higher
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growt h temperat ures , simply changing t he growt h
pressure allows us to obtain various ZnO nano2
st ruct ures such as nanorods , nanot ubes , and
nanowalls. On Al2 O3 ( 11 20) surfaces , t he critical
t hickness of ZnO is about 10 times larger t han t hat
on Al2 O3 ( 0001) surfaces. ZnO/ MgZnO QWs are

successf ully grown on Al2 O3 (11 20) surfaces , and
t heir optical p roperties are studied. It is also found
t hat growth at low temperat ures and under low
pressures may be necessary to achieve a high con2
cent ration of acceptors in ZnO.

2 　Experiment

The samples were grown using an MOCVD
system with a horizontal rectangular stainless
(SU S304) chamber . Oxygen gas (O2 ) ,diet hyl zinc
(D EZn , Zn ( C2 H5 ) 2 ) , and bismet hylcyclopentadie2
nyl magnesium ( MeCp2 Mg) were used as p recur2
sors ,and nit rogen gas (N2 ,p urity 9919999 %) was
used as t he carrier gas for DEZn and MeCp2 Mg.
The details of the chamber configuration were giv2
en in Ref . [ 13 ] . The used subst rates were (0001)

and ( 11 20) Al2 O3 . Before being placed into the
chamber ,t he subst rates were degreased in an ult ra2
sonic bat h of organic solutions. After p umping
down t he chamber p ressure , t he flow of O2 was
started and t he chamber p ressure was cont rolled u2
sing a conductance valve. The total flows of O2 and

N2 were 30～40sccm and 5～7sccm , respectively.
The temperat ure of DEZn and MeCp2 Mg were 4～
5 ℃ and 172 ℃, respectively. No special t hermal
t reatment to t he subst rate was done before the
growt h. The surface morp hology was examined u2
sing a field2emission scanning elect ron microscope
( FE2SEM ,J O EL ,J SM26330F) . A four2crystal X2
ray diff raction (XRD ,Philip s X’pert) machine was
used to measure t he crystalline p roperties. In p ho2
toluminescence ( PL) measurement s ,a He2Cd laser
(325nm) was used as t he excitation source. The e2
mission f rom t he sample was conducted to a spec2
t rometer (Acton Spect raPro2300i) and detected u2
sing a charge2coupled device.

3 　Results and discussion

3. 1 　ZnO f ilms grown on Al2 O3 ( 0001) surfaces

3. 1. 1 　Effect of growth temperature

The most commonly used subst rates for grow2
ing single crystalline ZnO are Al2 O3 (0001) wafers ,

i . e. c2plane Al2 O3 . Bot h Al2 O3 and ZnO have a hex2
agonal crystal st ruct ure. The lat tice constant s for
Al2 O3 are a = 01475nm , c = 11299nm ,and for ZnO

are a = 01325nm , c = 015207nm. On an Al2 O3

( 0001 ) surface , t he crystalline relationship of
c sap ∥c ZnO is expected and t he c2axes of bot h
ZnO and Al2 O3 are vertical to the growt h plane.
For bulk ZnO ,every Zn atom is bonded wit h four
oxygen atoms to form a tet rahedral coordination as
shown in Fig. 1 ( a ) . This is p referable in ZnO
growt h because it gives rise to t he minimum f ree
energy of t he system ,which is termed self2texture.
When t he film is grown on a single crystal surface ,
competition occurs between t he force to grow while
maintaining the minimum energy at the film2sur2
face interface and t he force to grow while maintai2
ning t he self2text ure. By changing t he growt h tem2
perat ure , we can adjust t he balance of t hese two
forces and t hen cont rol t he initial growt h behavior
at t he interface[14 ] . We first grow ZnO films at dif2
ferent temperatures wit h a fixed growt h pressure
of 8 ～ 1333Pa. In epitaxial growth of ZnO on
Al2 O3 ,t he interface energy is mainly composed of
st rain energy caused by t he large lat tice mismatch
between t he film and t he subst rate. Competition
between the forces of keeping smaller st rain ener2
gy ,or smaller lat tice mismatch , and t hat of self2
texture will occur . Figure 1 ( b) shows t he (0001)

surface of Al2 O3 and a possible configuration of ad2
sorbed zinc atoms. Here ,zinc atoms are located at
t he lat tice sites of t he next coming aluminum atoms
in t he case of Al2 O3 homoepitaxy. In t his case , a
tet rahedral unit is easily formed by supplying an2
ot her oxygen atom above a zinc atom. Therefore ,
t his coordination is p referable for bot h Al2 O3 and
ZnO. The unit cell in this case has t he same in2
plane orientation as t hat of Al2 O3 ,i . e. a ZnO ∥a

sap . This relationship is obtained when t he
growt h temperature is as low as 200 ℃[14 ] . ZnO
films grown by t his mode also have t he same lat tice
constant as t hat of Al2 O3 ,resulting in a very large
lattice mismatch ( + 3115 % ,tensile) to ZnO. These
result s indicate t hat ,at low growt h temperat ures ,
t he force of self2texture is dominant over t hat of
keeping a smaller lat tice mismatch because t he dif2
f usion of atoms on the surface is suppressed. On
t he other hand , when the growth temperat ure is

416
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higher t han 300 ℃,t he kinetic energy of the zinc at2
oms becomes high enough to diff use on t he sub2
st rate surface. These effect s cause the zinc atoms to
select sites t hat have a smaller lat tice mismatch ,
and t he force of keeping a smaller st rain is largely
enhanced. One po ssibility is t hat the zinc atoms
will take the same sites as t ho se of oxygen atoms
as shown in Fig. 1 (c) . In t his case ,a zinc atom is
bonded to one oxygen atom in Al2 O3 ,and a tet ra2
hedral coordination of ZnO can be formed by suppl2
ying t hree ot her oxygen atoms. The oxygen lat tice
of Al2 O3 has a lattice constant of 01275nm ,and the
lat tice mismatch to ZnO is - 1813 % ( compres2
sive) , which is much smaller t han t he mismatch ,
3115 % ,obtained in Fig. 1 (b) . In Fig. 1 (c) ,t he unit
cell of ZnO is twisted 30°with respect to t hat of
Al2 O3 . This growt h model has been mostly ob2
served in experimental works reported to date.

The ZnO surface morp hology exhibit s st rong
dependence on t he growt h temperat ure[14 ] . In bot h
cases of Figs. 1 ( b) and (c) , t he lat tice mismatch is
too large to obtain a t hick film wit h a flat surface
because of the st rain relaxation. The critical t hick2
ness for two2dimensional ( 2D ) layer2by2layer
growt h of ZnO on an Al2 O3 ( 0001) surface was
demonst rated to be only 415nm[4 ] . Therefore ,
t hree2dimensional (3D) growt h is easily obtained.
At higher growth temperat ures or in t he case of
Fig. 1 (c) ,we obtained rough surfaces. An example
of such a rough surface is shown in Fig. 1 (e) . At
lower growt h temperat ures or in t he case of Fig. 1
( b ) , however , smoot h surfaces were obtained as
shown by t he SEM image in Fig. 1 (d) . This may be
due to different mechanisms of st rain relaxation
compared wit h the growt h at higher temperat ures.
Even t hough t he surface of Fig. 1 (d) was relatively
smooth ,XRD measurement s revealed a worse crys2
talline quality caused by t he large lattice mismatch
between the film and t he subst rate[14 ] . The effect of
t he growt h temperature can be summarized as fol2
lows. A higher growt h temperat ure will enhance
t he diff usion of absorbed atoms on t he surface ,
making t hese atoms find po sitions t hat can keep
t he system at a lower energy. As a result , ZnO
films grown at a higher temperat ure are expected
to have bet ter quality. However , due to t he 3D
growt h mode and t he enhanced diff usion of atoms ,
a rough surface morp hology usually occurs. On the
cont rary ,ZnO films grown at a lower temperat ure

Fig. 1 　(a) Unit cell of ZnO 　Each Zn atom is bonded

to three oxygen atoms to form a tet rahedral st ructure ;
(b ) Possible atomic alignment of Zn on an Al2 O3

(0001) surface at low temperatures where the force of

keeping the tet rahedral st ructure is large. The crystal2
line orientation of the ZnO unit cell is the same as that

of Al2 O3 ; (c) Possible atomic alignment of Zn on an

Al2 O3 (0001) surface at high temperatures where the

force of keeping smaller lattice mismatch is large. The

ZnO unit cell is twisted for 30°in the growth plane with

respect to that of Al2 O3 ; (d) SEM image of a smooth

ZnO surface grown at a low growth temperature ( Tg ) ;
(e) SEM image of a rough ZnO surface grown at a high

growth temperature

have bad quality but a smoot h surface. These re2
sult s were also confirmed by Park et al . [15 ] . The
conflict between the film quality and t he surface
morp hology makes it very difficult to get films di2
rectly on Al2 O3 (0001) surfaces wit h bot h a smoot h
surface and good quality. Nevert heless , t he good
quality of t he films grown at higher growt h tem2
perat ures allowed us to observe t he emission due to
bi2exci2tons[16 ,17 ] . We also studied t he optical non2
linearity of t hose ZnO films. The films wit h bad
crystalline quality exhibited t he largest second or2
der and third order nonlinear susceptibility ,indica2
ting t hat t he lat tice distortion plays an important
role[18 ,19 ] .

PL spect ra measured at 412 K f rom ZnO films
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grown at different temperat ures are shown in
Fig. 2. Each spect rum is normalized by it s maxi2
mum intensity and is shif ted vertically for clarity.
For all of the spect ra ,t here are no emission in the
visible light region t hat are usually caused by im2
p urities or defect s. The peak at 3137eV observed
for all samples is due to donor2bound exciton emis2
sions (Do X) . The emission peak at 3132eV ,which
has an intensity comparable to that of t he Do X ex2
citon ,is at t ributed to emission of donor2acceptor2
pairs (DA P) with an acceptor binding energy of
107meV [16 ] . The corresponding acceptor may come
f rom spontaneous nit rogen doping f rom t he carrier
gas. The broad emission peak at 3123eV is att ribu2
ted to a DA P transition wit h different kinds of im2
p urities[20 ] . It should be emp hasized that acceptor2
related emissions at 3132 and 3123eV are not ob2
served f rom t he film grown at 500 ℃. This indicates
t hat a higher acceptor concent ration may be ob2
tained by growing the film at lower temperat ures.
In ZnO films grown by p ulsed laser deposition ,
lowering t he growt h temperat ure has been demon2
st rated to be a critical technique to get a higher ac2
ceptor concent ration[11 ,21 ] . This app roach may also
work for MOCVD growt h as demonst rated by the
PL spect ra of Fig. 2.

Fig. 2 　Low2temperature PL spect ra of ZnO films

grown at different growth temperatures ( Tg) on Al2 O3

(0001) surfaces 　The growth pressure is 800Pa for all

of the films. St ronger donor2acceptor2pair (DA P) emis2
sions are observed f rom the films grown at lower tem2
peratures.

3. 1. 2 　Effect of growth pressure
The growth pressure in MOCVD is anot her

important factor determining t he growt h character2
istics. We st udied t he crystalline and optical p rop2
erties of ZnO films grown under p ressures f rom 8

to 1333Pa and at a fixed growt h temperature[22 ] .
When t he growt h temperat ure is low ,for example
200 ℃,bot h t he surface morp hology and t he optical
p roperties of ZnO films show weak dependence on
t he growt h pressure. However , when t he growt h
temperat ure is over 300 ℃where the adsorbed at2
oms are expected to diff use more ,t he surface mor2
p hology is st rongly dependent on t he growth pres2
sure ,leading to different ZnO nanocrystals such as
nanorods , nanot ubes , and nanowalls , as shown in
Fig. 3. The different shapes of t he nanocrystals are
believed to be correlated wit h t he total surface en2
ergy ,and a lower p ressure favors a larger surface2
to2volume ratio . At a given temperat ure , when a
crystal wit h a limited volume is formed f rom t he
vapor p hase ,t he equilibrium condition requires

- ΔPv ∝Δ(ξ/ Vc )

whereΔPv is t he variation of vapor p ressure ,ξ is
t he total surface energy which is p roportional to
t he total surface area S ,and V c is t he volume of t he
crystal p hase. This equation indicates t hat when
t he vapor p ressure is decreased , the total surface2
to2volume ratio ( S/ V c ) must increase. This quali2
tatively explains t he tendency of t he nanost ruct ure
shapes observed in t his study.

Our result s show t hat different nanost ruct ures
can be obtained by simply adjusting t he growt h
pressure. Alt hough nanocrystals wit h different
shapes were obtained , t he growt h behavior at t he
initial stage was found to be independent of t he
growt h pressure. What we found is that t he 3D
growt h mode is t rue regardless of the p ressure. We
believe t hat this is determined by t he film2sub2
st rate interface nat ure. In ot her words , t he large
lattice mismatch and t he high growt h temperat ure
support t he 3D growt h mode , which does not de2
pend on t he growt h pressure. However ,af ter a cer2
tain growt h and when t he interface effect becomes
weak , t he p ressure then plays an important role
and t he st ruct ures wit h different shapes may be ex2
pected. The initial nucleation is generally depend2
ent on bot h t he growt h condition (surface tempera2
t ure ,reactor p ressure ,etc. ) and t he film2subst rate
lat tice mismatch. In our st udy ,t he main factors af2
fecting t he growth mode are t he reactor p ressure
and t he lat tice mismatch since t he subst rate tem2
perat ure is fixed. In case of ZnO growing on an
Al2 O3 (0001) surface , t he lat tice mismatch is very
large (～18 %) and the effect of lat tice mismatch is

616
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Fig. 3 　SEM images of ZnO nanost ructures formed at higher growth temperatures (350～475 ℃) under different

growth pressures 　(a) Nanorods ,800Pa ; (b) Nanotubes ,40Pa ; (c) Nanowalls ,8Pa

dominant . Therefore ,clusters at t he initial stage of
growt h are formed. As t he growt h continues , t he
island size increases and the lat tice mismatch is re2
laxed by t he formation of defect s. After relaxation ,
t he effect of lat tice mismatch is weakened and the
pressure becomes the dominant factor determining
t he growth characteristics. In our experiment s ,
when t he film thickness is larger t han 1μm ,we can
constantly obtain nanorods , nanotubes , or
nanowalls by simply selecting t he reactor p ressure.

Figure 4 shows t he low2temperature PL spec2
t ra of ZnO films grown under different p ressures at
400 ℃. The peak at 31366eV is common to all

Fig. 4 　Low2temperature PL spect ra of ZnO films

grown under different growth pressures ( Pv) on Al2 O3

(0001) surfaces 　The growth temperature was 400 ℃
for all of the films. Large DA P2to2D0 X intensity ratios

were observed f rom films grown under lower pres2
sures.

nanost ruct ures (or all values of Pv ) and is att ribu2
ted to D0 X. The peak located at 31 312～31318eV is
due to DA P. A general t rend is that the DA P2to2

D0 X intensity ratio becomes larger with a decrease
in Pv . This indicates t hat growt h at a lower p res2
sure by MOCVD may enhance t he incorporation of
acceptors in ZnO. Spontaneous doping of nit rogen ,
which is known to act as an acceptor , might have
taken place in t hese st ruct ures. Toget her wit h t he
PL result s obtained at different growt h tempera2
t ures shown in Fig. 2 , we may conclude t hat t he
growt h at low temperat ures and low pressures fa2
cilitates t he incorporation of acceptor imp urities.

The overall growt h behavior of ZnO is sum2
marized in Fig. 5. ZnO films can be obtained at low2
er growt h temperat ures ( 200 ～ 250 ℃) in t he
t hroughout p ressure range st udied. At growth tem2

Fig. 5 　Summary of ZnO film and nanost ructure types

grown on Al2 O3 (0001) surfaces as functions of growth

temperature and growth pressure

perat ures around 300 ℃,t he formation of islands or
clusters becomes dominant . Wit h f urther increase
in t he growth temperat ure ,various kinds of nano2
st ruct ures are expected. Nanorods are obtained un2
der higher p ressures ( higher than 267Pa) and at
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temperat ures of 350～500 ℃. Nanowalls can be eas2
ily obtained under lower p ressures ( less t han
2617Pa) and in t he whole temperature range we
st udied. Nanot ubes can be obtained under p res2
sures of 2617～133Pa and at temperat ures of 350～
450 ℃.

3. 2 　Critical thickness of ZnO f ilms on an Al2 O3

( 1120) surface

　　ZnO films grown on Al2 O3 ( 11 20) surfaces

have been demonst rated to exhibit bet ter crystal2
line quality ,alt hough t he top surface is t he same as
t hat on Al2 O3 (0001) . The bet ter quality is due to
t he smaller lat tice mismatch and t he achievement
of single2domain growth as compared wit h Al2 O3

(0001) surfaces[23 ] . As shown in Fig. 6 ,t he epitaxi2
al relationship has been demonst rated to be ZnO
(0001) ∥Al2 O3 ( 11 20) and ZnO [ 010 ] ∥Al2 O3

[001 ] . The lat tice mismatch along the ZnO [ 010 ]
direction is less t han 0108 % when considering
higher order matching (4 a ZnO : c sap ) . On the
ot her hand , in the ZnO [ 210 ] direction , which is
perpendicular to bot h ZnO [ 010 ] and ZnO [ 001 ] ,
t he mismatch is about 214 % according to t he con2
figuration of Fig. 6 ( 3 a ZnO ∶2O lattice in
Al2 O3 . From Figs. 1 ( b) or ( c) , it can be deter2
mined that O sap = a sap/ 3 = 012748nm. ) .

Fig. 6 　Suggested atomic alignment of ZnO on an

Al2 O3 (11 20) surface 　The lattice mismatch is much

smaller compared with that on an Al2 O3 ( 0001) sur2
face.

The critical t hickness of ZnO on an Al2 O3

(0001) surface has been shown to be 415nm[4 ] . We
found t hat t he critical t hickness of ZnO on an
Al2 O3 ( 11 20) surface is much larger due to the
small lat tice mismatch compared with t he case on
an Al2 O3 (0001) surface[24 ] . The rocking curves of

ZnO (0002) planes are shown in Fig. 7 for films
with different thicknesses grown on Al2 O3 (1120)

surfaces. When t he film t hickness is no more than
56nm , only one sharp peak with a f ull2widt h at
half2maximum ( FW HM ) value of Δω = 01005°
(18″) was observed. This value is less t han t hat of

Fig. 7 　XRD rocking curves of the ZnO (0002) plane

for films of different thicknesses grown on Al2 O3

(1120) surfaces 　The critical thickness for keeping 2D

growth is estimated to be about 56nm , which is much

larger than on an Al2 O3 (0001) surface (415nm) .

ZnO/ Al2 O3 ( 0001 ) p repared by sp ut tering
(0101°) , similar to those ( 12″～ 1414″) of ZnO/
Al2 O3 (0001) grown by MB E and bet ter t han t hat
( 39″) of ZnO films grown on lat tice2matched
ScAlMgO4 surfaces. The small Δω value obtained
f rom t hin films in t his st udy demonst rates a small

magnitude of mosaicity and an excellent order a2
long t he growt h direction of t hese films. In ot her
words , t he films are well aligned , with t he c2axis
st rictly parallel to the surface normal wit hin t he
entire film. This can be taken as an indicator of 2D
growt h. With a f urt her increase in film t hickness ,a
broad peak appears and ,when the film thickness is
84nm ,t he lat ter dominates t he rocking curve. The
broad peak is centered at the same position as t he
narrow one ,forming a superimposed shape. The su2
perimposed shape of t he rocking curve observed in
t he regime of medium film t hickness indicates t he
coexistence of 2D and 3D layers. For t hick films
(larger t han 112nm) ,only t he broad peak was ob2
served. Compared with the result s obtained for t he
t hin films , t he large Δω values for t he thick films
reflect t he poorer alignment of t he films ,which can
be at t ributed to the result of 3D growt h. Our re2
sult s suggest t he following growt h model : when
t he thickness is no more t han 56nm ,ZnO follows a
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2D layer2by2layer growt h. However , a 3D growt h
mode occurs when t he film thickness is larger t han
112nm. The t ransition f rom 2D growt h to 3D
growt h takes place in the t hickness range of 56～
112nm. The critical t hickness within which the 2D
growt h of ZnO is realized on an Al2 O3 (1120) sur2
face is t hus estimated to be 56nm. This is much lar2
ger t han t he value of 41 5nm obtained on an Al2 O3

(0001) surface , p robably due to t he small lat tice
mismatch in t he former.

3. 3 　ZnO/ MgZnO QWs on Al2 O3 ( 1120) surfaces

Q Ws are necessary for t he realization of high2
performance optoelect ronic devices. There have
been only a few report s on ZnO2related QWs ,and
some special subst rates have been used. For in2
stance , ZnO/ MgZnO multiple QWs have been
grown on lat tice2matched ScAlMgO4 surfaces by
PLD[7 ] . ZnO/ MgZnO single QWs have been grown
on GaN surfaces by MOCVD[8 ] . The lat tice mis2
match between ZnO and GaN is about 2 % ,which is
much smaller than t hat of commonly used Al2 O3

subst rates. The disadvantages of such app roaches
are due to limited supply of ScAlMgO4 subst rates ,
expensive GaN subst rates ,and low productivity of
t he PLD method. Recently , ZnO/ MgZnO Q Ws
have been directly grown on Al2 O3 (0001) surfaces
by radical2source MB E[ 10 ] . We fabricated ZnO/ Mg2
ZnO QWs on Al2 O3 (1120) surfaces by MOCVD ,
and we could observe the energy shif t caused by
t he quant um confinement effect , a nearly perfect
two2dimensional confinement ,and confinement2en2
hanced exciton recombination[9 ] . Here , we report
t he result s obtained t hereaf ter .

As discussed above , the critical t hickness of
ZnO on an Al2 O3 ( 11 20) surface is much larger
t han on an Al2 O3 (0001) surface. This means t hat it
is easier to obtain ZnO films wit h smoot h surfaces ,
which is especially important in t he p reparation of
high quality Q Ws. We developed two approaches to
growing ZnO/ MgZnO Q Ws on Al2 O3 (1120) sur2
faces. An MgZnO buffer layer was adopted in
both. The buffer layer was grown at 425 ℃ for a2
bout 50nm ,followed by an annealing at 800 ℃ for
10h in an elect ric f urnace. QWs were formed by
growing a three2layer MgZnO/ ZnO/ MgZnO sand2
wich st ructure ,where MgZnO layers work as barri2
er and ZnO as well . In t he first approach ,t he MgZ2
nO barriers were grown at low temperat ures (～

200 ℃) and t he ZnO well was grown at 500 ℃. Af2
ter growt h ,annealing at 700～900 ℃ for 2h in t he
f urnace was performed. We have reported some re2
sult s f rom t he Q Ws by t his approach [9 ] . The fabri2
cation p rocess of t he first approach is , however ,
somewhat complicated. In the second approach ,t he
MgZnO barriers were grown at 425 ℃and t he ZnO
well at 475 ℃, and no f urt her t hermal t reatment
was done af ter growt h. From such Q Ws , besides
what was observed f rom t he Q Ws grown by t he
first approach ,we could f urt her observe t he piezoe2
lect ric field induced localization. The second ap2
proach was found to be a rat her simple and rep ro2
ducible met hod of growing ZnO/ MgZnO QWs.

The sample st ructure is shown in Fig. 8 in
which t he layer t hickness was dependent on t he
sample position. By moving t he laser spot on t he
sample surface ,we could measure t he QW emission
at different well widt hs. Although the barrier

Fig. 8 　Illust ration of the st ructure of ZnO/ MgZnO

QWs 　Two different approaches were adopted to fabri2
cate such QWs. The layer thickness was designed to

change gradually. The Mg composition is 011 in both

buffer and barrier layers.

t hickness was also position2dependent , it was still
much larger t han t he well t hickness ,and no quan2
t um confinement effect was expected. In ot her
words ,t he emission f rom t he barrier was position2
independent . Figure 9 ( a ) shows t he position de2
pendence of t he PL spect ra measured at a sample
temperat ure of 412 K. As expected ,t he emission of
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Fig. 9 　(a) Low2temperature PL spectra of ZnO/ Mg2ZnO

QWs measured at different positions of the sample ; (b) Il2
lustration of band alignment with a built2in electric field 　
The emission energies of A and B are almost the same for

the small well widths. Their difference becomes larger with

the increase of well width.

ZnO QWs shows st rong dependence on t he posi2
tion. Due to the quant um confinement effect ,t he e2
mission peak exhibit s a blue shif t when t he well
widt h is decreased. At relatively larger well
widt hs ,an interesting feat ure appears :a small peak
emerges at about 3136eV on t he higher energy side
of the QW emission. This peak is position2inde2
pendent whereas t he st rong emission f rom t he QW
shows a red shif t wit h the increase of t he well
widt h. This p henomenon is direct evidence of the
built2in elect ric field generated mainly by piezoelec2
t ric effect as shown in Fig. 9 ( b) . When t he well
widt h is large and the quant um confinement effect
is negligible , t he elect ric field causes band inclina2
tion ,and elect rons and holes are separately local2
ized at different locations in the well layer . In this
case ,emissions are possible due to t he recombina2
tion f rom bot h the separately localized elect rons
and holes ( denoted as A ) and t he band edge of
ZnO bulk (denoted as B) ,and t he energy relation2
ship of EA < EB is satisfied. On t he ot her hand ,
when t he well t hickness is small enough ,t he sepa2

ration of localized elect rons and holes becomes
small and we have EA ∆ EB . In t his case ,t he emis2
sion is mainly due to recombination f rom the quan2
tized energy levels. This p henomenon has been ob2
served in In GaN/ GaN and ZnO/ MgZnO
QWs[25 ,26 ] . However ,p revious st udies could not ob2
serve t he effect wit h a small Mg content , such as
011. Moreover ,t he observation of t he p resent work
is much more understandable due to the continuous
variation of t he well widt h.

The presence of the electric field inside the well
layer is further demonstrated by investigating the de2
pendence of the emission spectra on the excitation
power. Figure 10 shows the results in which the excita2
tion power was varied by a few orders of magnitude.
The emission peak due to localized electrons and holes
was found to exhibit a blue shift with the increase in
excitation power. It can be understood as the result of
the screen effect of the built2in electric field caused by
the excitation2induced carriers. Namely , the electric
field causes separation of electrons and holes. Simulta2
neously ,another electric field ,which is in the opposite
direction to the built2in electric field ,is created due to
the occurrence of net charged carriers on the two sides
of the well layer. When the concentration of electrons
and holes are high ,as caused by high excitations , the
latter electric field gains its strength and finally can
compensate the built2in electric field. These effects lead
to the blue shift of the emission due to recombination
of localized carriers.

Fig. 10 　Excitation power dependence of emission due

to recombination of localized elect rons and holes in2
duced by the built2in elect ric field 　The blue shif t with

increase in excitation power is due to the carrier2induced

screening of the built2in elect ric field.

Figure 11 shows t he emission energy as a
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f unction of well widt h obtained at low tempera2
t ures. Compared with the f ree exciton emission
f rom ZnO bulk at 31376eV ,t he low2temperature e2
mission energy f rom t he QW can be much lower ,e.
g. ,about 16 and 66meV lower for t he widt h2inde2
pendent and widt h2dependent ones ,respectively. As
discussed above ,the widt h2independent one is f rom
ZnO in t he t hick well . Therefore ,we tentatively at2
t ribute t he 16meV difference to the band gap varia2
tion caused by st rain. On t he ot her hand ,t he widt h2
dependent one is due to t he recombination of sepa2
rately2localized elect rons and holes. From t he slope
of t he dot ted line ,t he internal elect ric field is esti2
mated to be 3 ×105 V/ cm. This value is on t he same
order as observed in In GaN/ GaN QWs[25 ] .

Fig. 11 　PL energy versus well width 　When the well

width is over 4nm , two emissions are observed due to

ZnO band edge (denoted as B) and the localized carriers
( denoted as A ) . A built2in elect ric field of about

3 ×105 V/ cm is obtained f rom the slope of the solid

line.

4 　Conclusion

The growt h characteristics in MOCVD and

optical p roperties of ZnO films on Al2 O3 ( 0001)

and (1120) subst rates are st udied. For the former ,
3D growt h is usually expected. The atomic align2
ment at t he film2subst rate interface and t he crys2
talline orientation are found to be st rongly depend2
ent on growt h temperat ure ,while the growt h pres2
sure determines t he shape of t he nanost ruct ures as
t hey are grown. Proper cont rol of growth tempera2
t ure and pressure allows us to obtain films , rods ,
t ubes ,and walls. However ,it is difficult to obtain
smooth morp hology and good quality simultane2
ously. The critical t hickness of ZnO on Al2 O3 (112

0) surfaces is more t han 10 times larger t han t hat
on Al2 O3 (0001) surfaces. ZnO/ MgZnO QWs wit h

graded well t hicknesses are grown on Al2 O3 (1120)

surfaces with a simple and rep roducible app roach.
From such Q Ws ,the emission due to t he recombi2
nation of localized elect rons and holes is observed.
The built2in elect ric field in t he well is estimated to
be 3 ×105 V/ cm wit h a Mg composition of 011.
From t he PL spect ra ,it is apparent t hat growt h at
low temperat ures and low pressures facilitates t he
incorporation of acceptor imp urities in ZnO.
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ZnO 薄膜和量子阱的生长及光学特性

张保平1 ,3 , 　康俊勇1 　余金中1 ,2 　王启明1 ,2 　濑川勇三郎3

(1 厦门大学物理系 , 厦门　361005)

(2 中国科学院半导体研究所 , 北京　100083)

(3 独立行政法人 理化学研究所 , 仙台　98020845 , 日本)

摘要 : 研究了用 MOCVD 法在蓝宝石 (Al2 O3 ) (0001)和 (1120)衬底上制备 ZnO 薄膜时的生长特性. 详细研究了采
用 Al2 O3 (0001)衬底时生长温度与压力的影响. 由于存在比较大的晶格失配 ,一般容易得到 ZnO 纳米结晶 ,不容易
获得既平坦且质量又好的 ZnO 薄膜. 生长温度对薄膜2衬底界面的生长模式有很大的影响 ;而生长压力对 ZnO 纳
米结晶的形状有决定性作用. 通过适当控制生长温度及压力 ,可以得到 ZnO 薄膜或不同形状的纳米结构. 当采用
Al2 O3 (1120)衬底时 ,由于晶格失配较小 ,能保持平坦层状生长 ,临界膜厚远远大于采用 Al2 O3 (0001) 衬底的结果.

在 Al2 O3 (1120)衬底上制作了 ZnO/ MgZnO 量子阱并研究了其光学特性. 观察到了量子化能级间以及在载流子间

的跃迁引起的发光. 由压电效应引起的内建电场约为 3 ×105 V/ cm. 同时发现采用低温低压生长可以增大 ZnO 中受
主杂质浓度 ,有利于获得 p 型 ZnO.
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